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DRAG  OF  UNDERWATER  BODIES 


General  Aspects  of  Drag 

In  the  absence  of  a free  surface,  a body  moving  in  water  or  any  other 
fluid  at  constant  speed  experiences  a resisting  force  opposing  its  motion 
along  Its  line  of  direction  which  may  be  termed  viscous  drag  or  viscous 
resistance.  On  the  other  hand,  an  inviscid  fluid  would  result  in  no  drag 
for  steady  motion  (D'Alembert's  paradox).  However,  It  is  to  be  noted  that 
an  inviscid  fluid  does  provide  resistance  to  accelerated  motion. 

Viscous  drag  may  also  be  considered  the  resultant  force  along  the 
line  of  motion  of  hydrodynamic  stresses  acting  on  the  body  surface  which 
may  be  resolved  into  a normal  stress  or  pressure  and  a tangential  stress  or 
skin  friction.  The  relative  magnitudes  of  the  pressure  contribution  and  of 
the  skin  friction  contribution  to  drag  vary  depending  on  the  body  shape.  A 
streamlined  body,  that  is  one  with  negligible  separation  on  its  stern,  has 
primarily  skin-friction  drag.  A principal  aim  of  good  body  design  is  to 
minimize  pressure  drag  since  values  of  pressure  drag  may  reach  magnitudes 
much  greater  than  those  for  skin-friction  drag. 

Viscous  drag  is  intimately  connected  with  the  boundary- layer  develop- 
ment on  the  body.  Any  detailed  analysis  of  viscous  drag  requires  a detailed 
analysis  of  the  associated  boundary  layer. 

Geometry 

Shape  and  size  are  the  two  principal  geometric  parameters  controlling 
the  drag  of  underwater  bodies  as  well  as  other  hydrodynamic  characteristics 
such  as  cavitation.  Shape  and  size  determine  the  relative  values  of  the 
surface  area  and  of  the  pressure  distribution  which  influences  the  drag  of 
the  outer  shell  enclosing  the  required  volume  of  propulsion  machinery  and 
payload. 

Size  is  given  by  specifying  the  overall  dimensions  of  a body:  two  for 

a two-dimensional  body  and  three  for  a three-dimensional  body.  A body  of 
revolution  is  basically  a quasi  two-dimensional  body  since  its  size  is  given 
by  its  overall  length  and  maximum  diameter. 


Shape 

Shape  may  be  defined  as  the  relative  proportions  of  a body's  contour 
which  may  be  expressed  analytically  In  terms  of  a function  description 
of  the  body  surface.  For  bodies  of  revolution  with  radius  r as  a function 
of  axial  distance  x from  the  nose,  the  shape  Is  given  by  the  function  f 


where  R is  the  maximum  radius  and  L the  length  of  the  body.  Shapes  of 
different  bodies  may  be  classified  on  the  basis  of  geometrical  similarity. 


Simple  Geometric  Similarity 


The  class  of  bodies  of  revolution  with  simple  geometric  similarity 
is  given  by 


Wlr-f] 


where  R/L  is  constant.  Bodies  with  simple  geometric  similarity  are 
considered  to  have  the  same  shape.  Spheres  of  any  size  are  bodies  of 
revolution  which  have  inherent  simple  geometric  similarity  and  hence  have 
the  same  shape. 


Stretched  or  Affine  Geometric  Similarity 


Keeping  the  same  basic  geometry  but  stretching  or  contracting  the 
length  relative  to  the  maximum  radius  that  is,  R/L  const,  provides  a 
kind  of  similarity  of  shape.  Analytically,  for  a body  of  revolution, 
equation  (2)  holds  when  the  function  f is  kept  the  same  but  R/L  is  varied. 

An  example  is  the  class  of  confocal  ellipsoids  where  the  ratio  of 
major  to  minor  axes  varies. 


Systems  Geometric  Similarit 


A looser  type  of  shape  similarity,  which  may  be  termed  systems 
similarity,  is  given  for  the  class  of  bodies  where  additional  parameters 
are  varied.  This  is  illustrated  further  on. 
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Examples  of  Types  of  Similarity 

Let  us  examine  the  class  of  bodies  known  as  generalized  ellipsoids 
analytically  stated  as 


UcH- 


x - (L/2)* 


*■1’  -(N-oT 


Ordinary  ellipsoids  are  specified  when  m,n  ■ 2. 

Simple  geometric  similarity  occurs  when 

m,n  ■ const 
R/L  - const 
R ^ const 

Stretched  geometric  similarity  occurs  when 

m,n  ■ const 
R or  L » const 
R/L  + const 

Systems  geometric  similarity  occurs  when 

R,L  - const 
m and/or  n 4 const 

As  an  example,  the  Reichardt  body  which  provides  an  almost  constant 

pressure  distribution  is  a generalized  ellipsoid  with 

m - 2.1»,n  ■ 2 


Geometric  Systems  for  Streamlined  Shapes 


Most  underwater  bodies  of  revolution  are  designed  to  be  streamlined 
with  a rounded  or  flat-faced  nose,  a tapering  tail,  and  usually  a cylinder 
in  between.  However,  since  simple  geometric  figures  are  often  used  such  as 
an  ellipsoidal  nose  or  a paraboloid  tail,  discontinuities  in  curvature 
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result  at  the  Junctions  with  the  cylindrical  middle  body.  At  high  speeds, 
such  curvature  discontinuities  may  give  rise  to  vortex  production,  earlier 
inception  of  cavitation,  and  Increases  in  drag.  Hence,  curvature  dis- 
continuities should  be  avoided  in  the  design  of  bodies. 

Classes  of  bodies  suitable  for  streamlined  shapes  are  given  in 

* 

References  1,  2,  and  3 In  terms  of  polynomials  controlled  by  geometric 
parameters.  Rounded  and  flat-faced  noses  and  various  tall  configurations 
may  be  found  in  these  references.  All  the  shapes  are  designed  to  avoid  any 
discontinuities  in  curvature  at  Junctions. 

Geometrical  Factors 

In  designing  streamlined  underwater  bodies,  surface  area  is  of  prime 
importance  in  determining  drag  and  enclosed  volume  is  important  in  deter- 
mining the  usefulness  of  the  vehicle.  For  a body  of  revolution,  surface 
area  S is  given  by 


and  volume  V by 


V * 

Surface  Area  Coefficient 


dx 


(6) 


A coefficient  useful  for  determining  surface  area  from  overall 
dimensions  is  Cs>  the  surface  area  coefficient  which  is  defined  by  the 
ratio  of  the  surface  area  to  that  of  the  circumscribing  cylinder  or 


C 


S 


S 

2itRL 


(7) 


Then 

S " CS  2itRL  (0) 
Cfi  is  a constant  for  bodies  with  simple  geometric  similarity.  For  prolate 
* References  are  found  on  page  16. 
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ellipsoids  and  cones  C$  Increases  slowly  with  diameter- length  ratio  as 
shown  lr  Figure  I.  For  cylinders  ■ I. 

Igure  1 also  shows  the  values  of  for  the  Mark  4 1 torpedoes  with 
varying  lengths  of  parallel  middle  body;  the  surface  area  of  the  control 
surfaces  Is  Included  in  the  overall  surface  area. 


Volume  Coefficient 

Another  coefficient,  useful  for  determining  the  volume  of  the  body 
from  overall  dimensions,  Is  C^,  the  volume  coefficient  (the  prismatic 
coefficient  in  the  parlance  of  naval  architecture)  which  is  defined  as  the 
ratio  of  the  volume  to  that  of  the  circumscribing  cylinder  or 


Then 


V 

*R2L 


V - C itR2L 


(9) 
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Cv  is  a constant  for  bodies  with  simple  and  with  distorted  geometrical 
similarity.  For  all  diameter- length  ratios,  Cy  - 2/3  for  prolate  ellip- 
soids; Cv  ■ 1/3  for  cones  and  Cy  - 1 for  cylinders.  Figure  1 also  shows 
values  of  for  the  Mark  41  torpedoes  with  varying  lengths  of  parallel 
middle  body. 


Surface  Area  to  Volume  Ratio 

The  ratio  of  S to  V i s given  by 


1 - ( _L  ) (L  ) 

V vCv  ' 'R  ' 


(ID 


For  bodies  with  simple  geometric  similarity,  C and  C are  constant 
S s v 

and  hence  varies  inversely  with  R;  that  is,  the  larger  the  body,  the 

smaller  the  surface  area  relative  to  volume  and  consequently  the  less 


(12) 


Drag  Coefi Iclent 

The  drag  D of  a body  may  be  stated  In  terms  of  a drag  coefficient  C. 


<l/2)l6 

where  p Is  the  density  of  the  water,  is  the  forward  velocity,  and  S 
is  the  wetted  surface  area. 

In  the  fully-submerged  condition  away  from  the  free  surface,  is 
a function  of  Reynolds  number  and  body  shape  given  by  length  ratios 
L/L 1 , L/L2,  L/L3,...  or 


CD  ■ flRL*  L/Lr  L/L2*  L/L3'---l 


where 


v = kinematic  viscosity  of  water 

L|,  = additional  length  parameters  defining  the  body 

For  a body  of  revolution  usually  - 2R,  the  maximum  diameter.  Also 
bodies  with  simple  geometric  similarity  have  a unique  relationship  between 
CQ  and  R^. 

Form  Drag 

A flat  plate  parallel  to  the  flow  represents  a body  with  no  form  drag; 

the  drag  is  entirely  due  to  skin  friction  with  no  pressure  drag  present. 

A body  of  revolution  In  axial  motion  has  a varying  pressure  p over  its 

surface  which  for  deep  submergences  away  from  the  free  surface  is  solely 

a function  of  axial  position.  It  may  be  expressed  in  terms  of  a pressure 

coefficient  C defined  by 
P 7 

r _ P Poo 

’ 'oTR  (" 

where  p^  = static  pressure  at  centerline.  At  the  stagnation  point,  C « 1. 

P 


Associated  with  p is  i velocity  U which  for  thin  boundary  layers  Is 
the  velocity  outside  the  boundary  layer.  From  Bernoulli's  theorem 

(j})2  ■ I - C (15) 

u»  P 

At  the  stagnation  point  U - 0. 

It  is  the  presence  of  a varying  p or  U which  provides  the  prime 
ingredient  for  form  drag  arising  from  the  development  of  the  boundary 
layer. 

L 

C may  be  determined  from  a potential  flow  calculation.  At  the  tail 
P 

there  Is  a small  decrease  in  due  to  the  thickened  boundary  layer  which 

also  suppresses  the  theoretical  after  stagnation  point.  Any  flow  separation 

such  as  due  to  a blunt  end  further  modifies  C . 

P 

A form  or  residual  drag  may  be  defined  by  subtracting  the  drag  of  a 
flat  plate  of  equal  surface  area  moving  at  Reynolds  number  R^  (more 
realistically  it  is  cylinder  of  equal  surface  area  and  Reynolds  number) 
from  the  total  drag.  Then,  in  general, 

Cr-CD-CF  (16) 


c.  - c_  + c 

D F r 

where  C » form  or  residual  drag  coefficient  nondimens ionai i zed  on  total 
r surface  area, 

Cp  = drag  coefficient  of  flap  plate  nond i mens ionai i zed  on  total 
surface  area. 

is  a catchall  coefficient.  If  the  body  surface  is  rough,  Cr  includes  the 
added  drag  due  to  roughness.  For  appended  bodies  Cr  includes  the  added  drag 
not  accounted  for  by  adding  the  appendage  surface  area  to  the  body  surface  area. 

Drag  Coefficients  of  Flat  Plates 

A wel 1 -accepted  formulation  for  the  drag  coefficient  of  flat  plates 
is  that  of  Schoenherr 

^4-  - i*. 13  log1Q  (RLCF)  (,8) 

Unfortunately  Cp  Is  an  implicit  function  of  R^  which  requires  a table  for 
convenient  evaluation. 
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A recent  explicit  formula3  derived  from  boundary-layer  theory  agrees 
with  the  Schoenherr  formula  at  high  Reynolds  numbers  but  is  more  accurate 
at  low  Reynolds  numbers,  namely, 


0.0776 


(1°9,0  \ 


♦ 60 

1.88)2  \ 


By  a coincidence  this  formula  gives  values  close  to  the  International 
Towing  Tank  formula,^  ITTC-1957,  used  to  extrapolate  the  drag  of  ship  models 
to  full-scale  conditions. 

The  variations  of  density  and  kinematic  viscosity  of  fresh  and  of  sea 
water  with  temperature  are  given  In  tables  in  the  appendix. 

Representative  Measured  Values  of  Form-Drag  Coefficient 

Measured  values  of  the  form  of  residual  drag  of  towed  bodies  (References 
6 through  II)  have  been  assembled  In  Figure  2 where  the  form-drag  coefficient 
Cr  is  plotted  against  diameter-length  ratio.  In  general,  the  form-drag 
coefficient  usually  increases  with  Increasing  diameter-length  ratio. 

All  the  Mark  numbered  torpedoes  have  parallel  middle  bodies  which  are 
fully  stabilized  by  fins  and/or  shrouds  and  control  surfaces  and  whose 
surface  area  has  been  added  to  the  body  surface  area.  The  Series  58  bodies  shown 
are  bare  bodies  without  appendages. 

Note  in  Curve  A that  the  effect  of  adding  more  parallel  middle  body 
(indicated  by  numbers  in  parenthesis)  to  the  Mark  4l  torpedo  is  to  decrease 
Cr.  In  Curve  C adding  parallel  middle  body  to  a Series  58  body  results  in  an 
increased  C . The  latter  result  may  be  explained  as  the  effect  of  the 
increased  thickness  of  bodunary  layer  over  the  tail  which  slightly  increases 
the  pressure  drag.  In  the  Mark  41  torpedo  this  small  effect  may  be  over- 
whelmed by  the  large  appendage  and  roughness  drags. 

The  lower  Cr  values  for  the  RETORC  torpedo  are  for  a smooth  wooden 
wind-tunnel  model  unlike  the  Mark  41  torpedo  with  its  roughness  due  to 
manufacturing  processes. 

Curve  A represents  the  behavior  of  average  operational  underwater 
bodies  which  may  be  used  for  the  estimation  of  the  form  drag  of  similar 
bodies.  Other  empirical  procedures  are  given  in  References  12  and  13. 

Relative  Merits  of  Body  Shape  and  Size 


The  usual  comparison  for  the  efficiencies  of  body  shapes  with 


(J. 


respect  to  drag  is  on  the  basis  of  equal  volume.  The  following  non- 
dimensional  analysis  may  be  made.  The  surface  area  and  volume  ratios 
are  In  general  given  by 


p - f £l/L,,  L/L2,  L/L3,...']  (20) 

-3  - f [l/L,,  L/L2,  L/L3>...]  (21) 

-J73«  f [l/Lj,  L/L2,  L/L3>...  ^ (22) 

If  a drag  coefficient,^^  nondl  mens  Iona  1 1 zed  on  (volume)*  3 
is  defined,  then  Equation  (13)  may  be  modified  to  give 


Two  cases  involving  one  independent  geometric  ratio  only  are  examined 
in  Figure  3 for  the  data  shown  In  Figure  2:  the  fully-appended  Mark  41 

flat-faced  bodies  with  varying  lengths  of  parallel  middle  body,  curve  A, 
and  an  affine  group  of  Series  §8  bodies  with  varying  fineness  ratios, 
curve  B.  Here  it  is  assumed  that  in  the  drag  prediction  the  form  resistance 
coefficient  Cr  is  solely  a function  of  geometry.  Thus 


Figure  3 shows  that  a minimum  drag  coefficient  exists  which  Is  a function 
of  fineness  ratio  L/2R  and  Reynolds  number )/ & . The  higher  L/2R 
values  for  the  minimum  drag  coefficient  of  the  Hark  41  torpedo  may  be  due 
to  Its  being  rougher  and  having  appendages  unlike  the  smooth  bare  Series  58 
bodies.  The  variation  of  fineness  ratio  with  Reynolds  number  for  minimum 
drag  based  on  volume  is  shown  In  Figure  4 for  Series  58  bodies  having  fixed 
values  of  Cy  ■ 0.65. 

In  some  situations  design  considerations  dictate  that  the  diameter  2R 
be  kept  fixed.  Then  the  drag  coefficient  defined  by  Equation  (23)  may 

be  considered  to  represent  the  drag  efficiency  relative  to  the  volume,  D/V^^, 


($d)  + - id  U j 


5 

V2/3 


Values  of  as  a function  of  (U<62R)/\J  are  shown  In  Figure  3 for  the 

Mark  41  bodies  and  the  Series  58  bodies.  It  Is  to  be  noted  that  the  minimum 
values  of  L/2R  remain  on  the  same  curve.  The  minimum  values  are  also  shown 
in  Figure  4 for  the  fineness  ratio  L/2R  as  a function  of  diameter  Reynolds 
number  (U^  2 f ?)/y. 

Drag  from  Boundary-Layer  Development 

Viscous  drag  Is  intimately  associated  with  the  development  of  the 
boundary  layer  on  a body.  The  boundary  layer  is  the  usually  thin  region 
of  flow  next  to  the  body  where  viscous  effects  predominate.  As  shown 
in  Figure  5,  the  boundary  layer  starts  at  the  stagnation  point  on  the  nose 
and  Increases  in  thickness  downstream.  The  flow  in  the  boundary  layer  is 
initially  laminar  and  undergoes  transition  to  turbulent  flow.  The  higher 
the  Reynolds  number,  the  earlier  the  transition  and  the  smaller  the  length 
of  the  laminar  boundary  layer.  Laminar  flow  is  more  desirable  since  It 
engenders  a much  smaller  skin  friction.  For  most  existing  torpedoes  the 
flow  Is  primarily  turbulent.  An  analytical  approach  to  determining  drag 
from  the  boundary  layer  development  is  given  in  Reference  14. 
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For  bare  streamlined  bodies  of  revolution  without  appendages  and  with 


completely  turbulent  boundary  layer,  a drag  coefficient  Cn  , may  be  deter- 

15 

mined  from  a simplified  boundary- layer  analysis  by 


Cp>  =■  Ct 


(30: 


where 

1 v W - 


atnc-*  .is 


^0.95TST 


r‘/ru'blb 

Ul) 


k - form  factor, 

ot  - profile  angle  of  body  shape 

in 


(u  V 

KL 


AOS’ 


(31 ; 


sin  at 


Ah 


subscript  referring  to  conditions  at  after  end  of  the  body  of 
revolution. 


TT”  is  obtained  from  pressure  coefficient  C , Equation  (15). 

\Aa  p ^ 

The  appendage  drag  may  be  evaluated  by  an  empirical  formula,  which 


may  be  restated  as 


c,  - W,  C,,w 


(32] 


where  Ca>  the  appendage  drag  coefficient,  is  given  by 


Da 


if 


(33] 


where  D « appendage  drag, 

O 


S « total  appendage  area, 


k ■ appendage  drag  factor. 

a 


A value  of  k *2.3  has  been  given  for  the  control  surfaces  of 

d 


submarines.  A value  of  k ■ 1.8  for  torpedoes  has  been  deduced  from  an 


unpublished  analysis.  The  large  value  of  k Is  due  to  the  low  local 

d 


i 1 


value  of  the  Reynolds  number  of  the  flow  around  the  appendages  and  Inter- 
ference drag  arising  from  body-appendage  Interaction. 


Frictional  Drag  Reduction 

Streamlining  bodies  to  eliminate  the  pressure  drag  due  to  flow 
separation  on  the  tail  leaves  frictional  drag  as  the  remaining  drag  com- 
ponent to  be  reduced.  Outside  of  the  obvious  smoothing  of  the  body  surface, 
the  reduction  of  frictional  drag  is  a difficult  technical  process  which  is 
more  or  less  still  in  various  experimental  and  developmental  stages. 

Methods  of  reducing  frictional  drag  may  be  classified  as  follows: 

A.  Extension  of  the  laminar  boundary  layer  through  stabilization 

1.  by  shaping  the  forward  part  of  the  body  (laminar-flow 
bodies)  to  provide  sufficient  favorable  pressure  gradient 

2.  by  mild  suction  through  the  body  surface 

3.  by  compliant  walls 

A.  by  heating  the  body  surface 

B.  Reduction  of  turbulent  skin  friction 

1.  by  smoothing 

2.  by  polymer  additives 

3.  by  compliant  walls 

Extension  of  Laminar  Boundary  Layer 

Since  laminar  skin  friction  is  about  one  order  of  magnitude  less  in  value  than 
turbulent  skin  friction,  maintaining  laminar  flow  in  the  boundary  layer  has 
obvious  benefits  in  reducing  the  frictional  drag.  Also,  since  transition  to 
turbulent  flow  is  a result  of  a destabilizing  process,  maintaining  the 
stability  of  the  boundary- layer  flow  is  required  to  delay  transition. 

Destabilizing  disturbances  such  as  due  to  body  roughness  and  to  free-stream 
turbulence  have  to  be  eliminated  as  much  as  possible.  A critical  factor  is 
the  Reynolds  number  of  the  flow  situation.  The  higher  the  Reynolds  number, 
the  more  difficult  the  maintainance  of  laminar  flow."* 
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Laminar-Flow  Bodies 

Shaping  a body  to  create  a favorable  pressure  gradient  Is  a simple 
method  of  stabilizing  the  laminar  flow  in  the  boundary  layer.  Proper 
selection  of  a favorable  pressure  gradient  will  produce  boundary- layer 
velocity  profiles  which  are  Inherently  stable  over  a range  of  Reynolds 
numbers.  The  so-called  laminar-flow  bodies  tend  to  have  the  maximum  sec- 
tion as  far  aft  as  possible  and  to  be  relatively  thick  compared  to  the  usual 
underwater  bodies  in  order  to  have  comparable  volumes.  Reference  16 
describes  the  successful  development  of  one  such  body  while  Reference  17 
describes  an  optimization  procedure  to  obtain  a body  of  least  drag  for 
stated  operational  requirements.  The  design  of  optimum  laminar-flow  bodies 
requires  an  accurate  prediction  of  the  position  of  transition  as  well  as 
an  accurate  prediction  of  turbulent  flow  separation.  Shaping  the  forward 
part  of  the  body  to  delay  transition  may  result  in  premature  turbulent 
separation  and  an  Increase  of  form  drag  on  the  tall.  Hence,  shaping  the 
tall  is  also  important.  Methods  of  predicting  transition  accurately  on 


bodies  of  revolution  are  still  being  developed 


18,19 


Suction 

The  laminar  boundary  layer  may  be  made  more  stable  by  mild  suction  at 
the  wall  to  impart  a normal  velocity  inward  towards  the  body  surface.  More 
stable  velocity  profiles  result  which  resist  transition  to  turbulent  flow. 
Too  much  suction  would  thin  the  boundary  layer  and  produce  a higher  local 
skin  friction. 

Two  techniques  have  been  under  development:  continuous  suction  through 
a porous  surface*^  and  discontinuous  suction  through  narrow  slots  in  the 
body  surface.  Slots  are  less  subject  to  clogging  but  have  the  disadvantage 
of  producing  disturbances  at  their  entrance  through  the  body.  Suction 
slots  for  drag  reduction  have  been  highly  developed  for  aircraft  wings  but 
have  yet  to  become  operational. 
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Comp! I ant  Mai  Is 

Efforts  to  stabilize  the  laminar  boundary  layar  on  a compliant  surface 

22 

have  achieved  no  clear-cut  results.  There  are  various  claims  to  its 
efficacy  but  no  general  acceptance,  it  is  difficult  to  design  a compliant 
surface  to  absorb  a wide  spectrum  of  disturbing  frequencies. 

Wall  Heating 

Heating  the  wall  of  a water  boundary  layer  produces  more  stable 
velocity  prof i I es*3  which  tend  to  delay  transition.  However,  unless  the 
heat  Is  available  as  a discard,  the  resulting  drag  reduction  may  not 
compensate  for  the  high  loss  of  thermal  energy. 

Reduction  of  Turbulent  Skin  Friction 

At  high  Reynolds  numbers,  the  flow  in  the  boundary  layer  is  usually 
turbulent  which  implies  relatively  high  values  of  skin  friction.  The 
reduction  of  turbulent  skin  friction  involves  then  an  interference  of  some 
kind  in  the  turbulence  mechanism  producing  the  high  shearing  stresses  at 
the  wall.  Since  there  is  no  satisfactory  general  theory  of  turbulence, 
recourse  must  be  made  to  experimental  results  incorporated  into  suitable 
ad  hoc  theories. 

Smoothing 

The  first  step  in  any  reduction  of  turbulent  skin  friction  is  to 
ensure  that  the  surface  is  maintained  smooth  and  constructed  without  any 
discontinuities  and  projections  of  any  kind.  A rough  surface  increases 
drag  by  increasing  the  local  skin  friction.  Surface  discontinuities  and 
projections  increase  drag  by  producing  local  flow  separations  accompanied 
by  pressure  drag.  The  degree  of  surface  smoothness  does  not  have  to  equal 
that  of  machined  surfaces  in  sliding  contact.  Quantitatively,  this 
degree  of  hydrodynamic  smoothness  termed  hydraulic  smoothness,  has  been 
developed  for  Nl kuradse-type  sand  grain  roughness.^  it  is  related  to  the 
thickness  of  the  laminar  sublayer.  However,  as  yet  there  have  been  no 
comparable  quantitative  criteria  developed  for  arbitrary  irregular  rough- 
nesses such  as  found  in  practice. 
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Polymer  Addltlm 


Experimentally  It  ha*  been  found  that  small  concentrations  of  long- 

chain  polymers  such  as  polyathylene  oxide  or  polyacrylamide  significantly 

2k 

reduce  the  turbulent  skin  friction.  The  exact  mechanism  is  not  known  but 

the  experimental  results  have  been  correlated  by  extensions  of  the  similarity 

25 

laws  for  turbulent  flow.  The  main  drawback  In  using  polymers  to  reduce 
the  drag  of  underwater  bodies  is  the  need  for  continually  supplying  polymer 
additives.  The  reduction  of  turbulent  sktn  friction  by  polymer  additives 
is  a relatively  reliable  method  because  of  its  insensitivity  to  environmental 
conditions  such  as  body  roughness,  unlike  the  drag-reduction  methods  depen- 
dent on  stabilizing  the  laminar  boundary  layer. 

Comp! lent  Wal Is 

There  Is  experimental  evidence  that  compliant  walls  may  reduce  turbu- 
lent skin  friction  under  certain  condl tlons.*^  The  required  elastic  prop- 
erties of  the  compliant  material  are  still  under  investigation.  There 
seems  to  be  a complex  interation  of  the  vibrations  of  the  compliant  wall  with 
the  turbulence  structure  next  to  the  wall.  It  Is  difficult  in  general  to 
design  a coating  compliance  to  suit  a wide  range  of  flow  conditions. 
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TABLE  OF  MASS  DENSITY  p OF  WATER  IN  ENGLISH  UNITS 
(10th  International  Towing  Tank  Conference) 


Fresh  Water  Sea  Water  Fresh  Water  Sea  Water 

*»  Temperature  Mass  °f  M*ss  °?ns1‘*  Temperature  *“  0anst^ 

lb-secz/ft4  °F  lb-secVfr  Ib-secVft*  °F  lb-secVft* 


1.9399 

1.9399 

1.9400 

1.9400 

1.9401 


1.9947 

1.9946 

1.9946 

1.9945 

1.9944 


1.9383 
1.9381 
1.9379 
1.9377 
1 . 9375 


1.9903 

1.9901 

1.9898 

1.9895 

1.9893 


1.9401 

1.9401 

1.9401 

1.9401 

1.9401 


1.9943 

1.9942 

1.9941 

1.9940 

1.9939 


1.9373 

1.9371 

1.9369 

1.9367 

1.9365 


1.9890 

1.9888 

1.9885 

1.9882 

1.9879 


1.9401 

1.9401 

1.9400 

1.9400 

1.9399 


1.9937 

1.9936 

1.9934 

1.9933 

1.9931 


1.9362 

1.9360 

1.9358 

1.9355 

1.9352 


1.9876 

1.9873 

1.9870 

1.9867 

1.9864 


1.9398 

1.9398 

1.9397 

1.9396 

1.9395 


1.9930 

1.9928 

1.9926 

1.9924 

1.9923 


1.9350 

1.9347 

1.9344 

1.9342 

1.9339 


1.9861 

1.9858 

1.9854 

1.9851 

1.9848 


1.9394 

1.9393 

1.9392 

1.9390 

1.9389 


1.9921 

1.9919 

1.9917 

1.9914 

1.9912 


1.9336 

1.9333 

1.9330 

1.9327 

1.9324 


1.9844 

1.9841 

1.9837 

1.9834 

1.9830 


1.9387 

1.9386 

1.9384 


1.9910 
1.9908 
1 .9905 


1.9321 

1.9317 


1.9827 

1.9823 


TABLE  OF  MASS  DENSITY  p OF  WATER  IN  METRIC  UNITS 
(10th  International  Towing  Tank  Conference) 


1 Fresh  Water 

Mass  Density 

2 4 
kg-sec  /m 

Temperature 

oc 

Sea  Water 
Mass  Density 

2 4 
kg -sec  /m 

Fresh  Water 
Mass  Density 

2 4 

kg-sec  /m 

Temperature 

°C 

Sea  Water 

Mass  Density 

2 4 
kg-sec  /m 

101.95 

0 

104.83 

101.86 

16 

104.59 

101.95 

1 

104.82 

101.84 

17 

104.56 

101.96 

2 

104.81 

101.82 

18 

104.54 

101.96 

3 

104.81 

101.80 

19 

104.52 

101.96 

4 

104.80 

101.78 

20 

104.49 

101.96 

5 

104.79 

101.76 

21 

104.46 

101.96 

6 

104.77 

101.74 

22 

104.43 

101.95 

7 

104.76 

101.71 

23 

104.40 

101.95 

8 

104.74 

101.69 

24 

104.37 

101.94 

9 

104.73 

101.66 

25 

104.34 

101.93 

10 

104.71 

101.64 

26 

104.31 

101.92 

11 

104.69 

101.61 

27 

104.28 

101.91 

12 

104.68 

101.58 

28 

104.24 

101.90 

13 

104.65 

101.55 

29 

104.21 

101.88 

14 

104.63 

101.52 

30 

104.18 

101.87 

15 

104.61 



TABLE  OF  KINEMATIC  VISCOSITY  v OF  WATER  IN  ENGLISH  UNITS 
(10th  International  Towing  Tank  Conference) 


Fresh  Water 
v x 105 
ft2/sec 

Temperature 

°F 

Sea  Water 
vx  I05 
ft2/sec 

Fresh  Water 
v x 105 
ft2/sec 

Temperature 

°F 

Sea  Water 
v x 105 
ft2/ sec 

32 

1.2083 

60 

1.2615 

33 

61 

1.2443 

mm 

34 

1.8974 

1.1741 

62 

1.2275 

Hffli 

35 

1.8637 

1.1576 

63 

1.2112 

1.7848 

36 

1.8309 

1.1415 

64 

1.1951 

1.7527 

37 

1.7991 

1.1257 

65 

1.1794 

1.7215 

38 

1.1103 

66 

1.1638 

1.6911 

39 

1.0952 

67 

1.1489 

1.6616 

40 

1.7091 

1.0804 

68 

1.1342 

1.6328 

41 

1.6807 

1.0660 

69 

1.1198 

1.6049 

42 

1.6532 

1.0519 

70 

1.1057 

1.5777 

43 

1.6263 

1.0381 

71 

1.0918 

1.5512 

44 

1.6002 

1.0245 

72 

1.0783 

1.5254 

45 

1.0113 

73 

1.0650 

1.5003 

46 

1.5501 

0.9984 

74 

1.0520 

1.4759 

47 

1.5259 

0.9857 

75 

1.0392 

1.4520 

48 

1.5024 

0.9733 

76 

1.0267 

1.4288 

49 

1.4796 

0.9611 

77 

1.0145 

1.4062 

50 

1.4572 

0.9492 

78 

1.0025 

1.3841 

51 

1.4354 

0.9375 

79 

1 . 3626 

52 

1.4142 

0.9261 

80 

0.9792 

1.3416 

53 

1.3935 

0.9149 

81 

0.9678 

1.3212 

% 

1.3732 

0.9039 

82 

0.9567 

1.3012 

1.3536 

0.8931 

83 

0.9457 

1.2817 

5fc 

1.3343 

0.8826 

84 

0.9350 

1.2627 

59 

1.3154 

0.8722 

85 

0.9245 

1.2441 

5f 

1.2970 

0.8621 

86 

0.9142 

1.2260 

59 

1.2791 
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TABLE  OF  KINEMATIC  VISCOSITY  v OF  WATER  IN  METRIC  UNITS 
(10th  International  Towing  Tank  Conference) 


Fresh  Water 
v x 106 
2 

m /sec 

Temperature 

°C 

Sea  Water 

v x 10° 

2 

m /sec 

Fresh  Water 
v x 10° 

2 

m /sec 

Temperature 

°C 

Sea  Water 
V X 106 

p 

m /sec 

1.7867 

— 

0 

1.8264 

■BOB 

16 

mm 

1.7270 

1 

1.7692 

WEM 

17 

■BBS 

1.6704 

2 

1.7131 

IB 

18 

1.1044 

1.6166 

3 

1.6599 

IH 

19 

1.0785 

1.5656 

4 

1.6094 

BESfl 

20 

1.0537 

1.5170 

5 

1.5614 

21 

1.0298 

1.4707 

6 

1.5158 

■SIS 

22 

1.0068 

1.4267 

7 

1.4724 

mem 

23 

KB| 

1.3847 

8 

1.4310 

0.9134 

24 

Mmm 

1 . 3446 

9 

1.3915 

0.8929 

25 

BESS 

1.3064 

10 

1.3538 

0.8731 

26 

0.9226 

1.2699 

11 

1.3177 

0.8541 

27 

0.9033 

1.2350 

12 

1.2832 

0.8357 

28 

0.8847 

1.2016 

13 

1.2503 

0.8180 

29 

0.8667 

1.1696 

14 

1.2186 

0.8009 

30 

0.8493 

1.1390 

15 

1.1888 
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APPENDIX  - ESTIMATION  OF  DRAG  OF  UNDERWATER  BODIES 


As  an  example  of  the  details  tn  evaluating  the  drag  of  a proposed 
underwater  body,  let  us  consider  a body  of  length,  L - 240  inches  - 20  feet  - 
6.10  meters  and  of  maximum  diameter,  D » 21  inches  ■ 1.75  feet  • 0.53  meter, 
which  Is  to  operate  at  a speed,  U^  ■ 40  knots  ■ 67.56  feet/sec  ■ 20.59  met- 
ers/sec In  sea  water  of  temperature  58°F  ■ 14.4°C. 

To  calculate  the  Reynolds  number  R^,  first  find  the  kinematic  vis- 
cosity of  sea  water  at  the  temperature  58°F  which  from  the  table  is 
_c  2 

i)  ■ 1.2970  x 10  feet  /sec.  The  Reynolds  number  R^  is  then 

f?  - ^ -s.  Sle)l20)  _ 1,04-5’  X 1C 
L ^ yio*5" 


The  first  step  in  obtaining  drag  coefficient  Cp  Is  to  evaluate  the 


flat-plate  drag  coefficient  Cp  from 


oonb 


o.onio 


P^Jbo7F><VOy)'-l-88p  i.cASKiO* 


10^  *\0 


The  next  step  is  to  estimate  form  drag  coefficient  Cr  from  Figure  2. 
Curve  A which  gives  values  of  Cr  for  manufactured  torpedoes  with  control 
surfaces  is  to  be  used.  For  a diameter-length  ratio,  d/L  - 21  inches/ 

240  inches  * 0.08/5,  Cr  ■ 0.690  x 10  . This  Cr  includes  appendage  drag 

and  drag  due  to  normal  torpedo  roughness. 

The  drag  coefficient  Cp  is  then 

CD  « Ct  + Cr  = xvo  Vo.fc^OMO  *'° 


To  obtain  the  drag  D the  density  J>  is  first  obtained  from  the  table 
for  sea  water  of  temperature  58°F  or  p ■ 1.9908  lb-sec^/ft**.  If  the 
exact  shape  is  not  known,  the  surface  areas  may  be  estimated  from  the 
surface  coefficients  Cs  shown  in  Figure  1.  For  a diameter/length  ratio  of 

k 

y 


0.0875,  the  curve  for  the  Mark  *?  torpedo  gives  a C#  - LOO*.  The  surface 
area  S Is  then 

. L V 

£ = hn-  j(*rO--  uo,4  f4 

The  drag  0 Is  then 

t)r  CD  (no,4)rin(j 

^ sr  baLf>.«r  kjs 


The  power  Is  DU^  - (1380  lbs)  (67.56  ft/sec)  - 93.200  ft-lbs/sec  - 170 
horsepower. 
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Figure  I -Surface  Area  and  Volume  Coefficients 
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Figure  4- Variation  of  Fineness  Ratio  with  Reynolds  Number 
for  Minimum  Drag  Based  on  Volume 


DTNSROC  ISSUES  THREE  TYPES  OF  REPORTS 

(1)  DTNSROC  REPORTS.  A FORMAL  SERIES  PUBLISHING  INFORMATION  OF 
PERMANENT  TECHNICAL  VALUE,  DESIGNATED  BY  A SERIAL  REPORT  NUMBER 

(2)  DEPARTMENTAL  REPORTS.  A SEMIFORMAL  SERIES.  RECORDING  INFORMA 
TION  OF  A PRELIMINARY  OR  TEMPORARY  NATURE.  OR  OF  LIMITED  INTEREST  OR 
SIGNIFICANCE.  CARRYING  A DEPARTMENTAL  ALPHANUMERIC  IDENTIFICATION 

(3)  TECHNICAL  MEMORANDA.  AN  INFORMAL  SERIES.  USUALLY  INTERNAL 
WORKING  PAPERS  OR  DIRECT  REPORTS  TO  SPONSORS.  NUMBERED  AS  TM  SERIES 
REPORTS;  NOT  FOR  GENERAL  DISTRIBUTION. 


